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The non-equilibrium state of the high-Tc superconductor Bi2Sr2CaCu2O8+δ and its ultrafast dy-
namics have been investigated by femtosecond time- and angle-resolved photoemission spectroscopy
well below the critical temperature. We probe optically excited quasiparticles at different electron
momenta along the Fermi surface and detect metastable quasiparticles near the antinode. Their
decay through e-e scattering is blocked by a phase space restricted to the nodal region. The lack
of momentum dependence in the decay rates is in agreement with relaxation dominated by Cooper
pair recombination in a boson bottleneck limit.
PACS numbers: 78.47.J-, 74.25.Jb, 74.72.-h
The pairing mechanism responsible for the high−Tc su-
perconductivity in the cuprates remains one of the most
challenging problems of current Solid State Physics, af-
ter more than two decades of research. In this context,
angle-resolved photoemission spectroscopy (ARPES) has
proven to be a very powerful experimental technique, pro-
viding information on the single-particle spectral func-
tion of these materials with a very high energy and mo-
mentum resolution [1]. However, it gives limited infor-
mation on the coupling of single particle states with col-
lective excitations, which seems to be essential to un-
derstand the ground state of the high−Tc superconduc-
tors (HTSC) [1, 2]. Additional information can be ob-
tained from femtosecond (fs) time-resolved optical and
THz techniques [3–10], which allow to study the quasi-
particle (QP) interactions responsible for the relaxation
of a photoexcited non-equilibrium state. This, in the case
of the HTSC, is considered to provide a tool to study
the interactions responsible for the pairing of QPs form-
ing Cooper pairs. The analysis of QP decay dynamics
has led to a controversy whether the decay follows a bi-
molecular recombination or proceeds in a boson bottle-
neck regime [6–8, 11]. However, these experiments in-
herently lack momentum resolution and thus can only
be related to the electronic band structure in an indirect
way. Finally, theoretical works related with these optical
studies [4, 12] have provided further insight into the QP
dynamics, but they have arrived to conclusions about the
metastability of the nonequilibrium QPs which were up
to now difficult to prove by experimental means.
Complementary to ARPES and all optical time-
resolved techniques, femtosecond time- and angle-
resolved photoemission spectroscopy (trARPES) pro-
vides momentum and energy resolved information on the
single particle spectral function and its temporal evolu-
tion, allowing a direct investigation of the QP relaxation
along the Fermi surface (FS). However, first investiga-
tions on cuprate superconductors using trARPES [13] did
not develop a fully momentum-resolved study of their ul-
trafast dynamics nor used low enough excitation densities
to avoid the instant vaporization of the superconducting
condensate.
In this letter, we report on the ultrafast electron dy-
namics in superconducting Bi2Sr2CaCu2O8+δ (Bi-2212)
investigated at different points of its normal state FS by
trARPES. Our data show that the density of nonequilib-
rium QPs created by photoinduced breaking of Cooper
pairs is momentum dependent and related to the size of
the superconducting gap. In contrast, the recombina-
tion rate of these QPs shows no sign of momentum or
excitation density dependence. Our results provide ex-
perimental evidence of the transient stabilization of QPs
off the node, due to scattering phase space restrictions
caused by energy and momentum conservation in a d -
wave superconductor. They also demonstrate that the
net QP recombination rate in Bi-2212 is determined by
the decay rate of the bosons emitted in this process (bo-
son bottleneck).
The Bi-2212 samples studied in this work were nearly
optimally doped single crystals with a transition tem-
perature Tc = 88 K. They were cleaved in situ in ul-
trahigh vacuum (∼ 8 · 10−11 mbar) at 30 K, where the
experiments were carried out. In the trARPES measure-
ments the samples were excited by 55 fs laser pulses with
a photon energy of 1.5 eV (pump beam), at 300 kHz
repetition rate. Absorbed fluences, F , between 6 and
139 µJ/cm2 were used. The transient electron distribu-
tion was probed by time-delayed 80 fs, 6 eV laser pulses
(probe beam) giving rise to photoelectrons, which were
detected by a time-of-flight spectrometer. The energy
resolution was typically 50 meV, the momentum resolu-
tion was 0.05 A˚−1 and the time resolution < 100 fs, see
[14] for details. By means of a slanted sample holder [14]
it was possible to reach points along the FS correspond-
ar
X
iv
:1
01
1.
11
71
v1
  [
co
nd
-m
at.
su
pr
-co
n]
  4
 N
ov
 20
10
2(a)
0
k y
0 kx
18°
45° φ
pi/a
pi/a
-0.2 0.0
E-EF (eV)
(0.67,0.12)
(0.44,0.44)
(0.12,0.67)
k
,k
(pi
/a
)
x
y
(b)
1.0
0.8
0.6
0.4
0.2
0.0
N
or
m
al
iz
ed
 In
te
ns
ity
-0.2 -0.1 0.0 0.1
E-EF (eV)
φ=18°
 30K
 40K
 50K
 60K
 70K
 80K
 90K
 100K
(c)
min. max.
FIG. 1. (Color online) (a) Sketch of the normal state FS of
Bi-2212. Circles mark the FS angles, φ = 18◦, 27◦, 37◦ and
45◦, considered in this work. Some of the arcs cutting the FS
along which the ARPES spectra were taken are also shown.
(b) ARPES spectra and their representation as a false color
plot, measured along the red arc in (a). The spectra measured
at the FS (φ = 27◦ and 63◦) are highlighted with red thick
lines in the lower panel. (c) ARPES spectra measured at
φ = 18◦ as a function of the temperature.
ing to FS angles, φ, between 45◦ (nodal point) and 18◦
(Fig.1(a)), in spite of the low photon energy of the probe
beam.
The equilibrium electronic band structure around the
Fermi level was studied by laser-based ARPES, using
only the 6 eV beam. ARPES spectra (Fig.1(b)) were
taken along arcs in the reciprocal space cutting the nor-
mal state FS (Fig.1(a)). In the spectra measured at the
FS, a sharp peak is observed, which is known to be a
direct consequence of the superconducting state [1]. The
temperature dependence of this superconducting peak is
shown for φ = 18◦ in Fig.1(c). Its disappearance above
Tc corroborates its relation with superconductivity.
The excitation of the sample by the 1.5 eV pump pulse
produces a depletion of the superconducting peak, as well
as an increase of the spectral weight above the Fermi
level, EF , (Fig.2) which are different than the ones pro-
duced by a mere increase of the temperature, see Fig.1(c).
We find that both quantities have the same evolution
with the pump-probe delay. Thereby we show that the
increase of the spectral weight at E > EF corresponds
to the creation of a nonequilibrium density of QPs by
breaking Cooper pairs and the decrease of that spectral
weight can be attributed to the recombination of these
QPs. At this stage we conclude that the time dependent
spectral weight above EF directly reflects the dynamics
of the recovery of the superconducting condensate after
photoexcitation. We proceed now by a momentum de-
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FIG. 2. (Color online) (a) trARPES spectra measured at sev-
eral pump-probe delays. The depletion of the superconduct-
ing peak and the increase of spectral weight above the Fermi
level, in relation to the spectrum measured before optical ex-
citation, are shadowed in yellow (bright) and gray (dark),
respectively. (b) Depletion of the superconducting peak (yel-
low (bright) area between the vertical gray lines in (a)) and
increase of the intensity above the Fermi level (gray (dark)
area in (a)) as a function of the pump-probe delay.
pendent analysis of the evolution of that spectral weight
at E > EF .
trARPES spectra were measured at four points of the
FS, with φ = 18◦, 27◦, 37◦ and 45◦ (Fig.1(a)), for dif-
ferent pump fluences, F = 6, 14, 33, 139 µJ/cm2. Next,
the normalized trARPES intensity change with respect
to the intensity before the arrival of the pump pulse,
∆I(t)/I, was determined for E > EF (Fig.3). The decay
of ∆I(t)/I in the measurements with F ≤ 33 µJ/cm2
was fitted to a single-component exponential decay,
∆I(t)/I = A exp(−t/τ) + B, convoluted with a 100 fs
width Gaussian accounting for the time resolution. A
is the excitation amplitude, τ is the relaxation time of
the nonequilibrium QPs and B accounts for heat diffu-
sion effects [15]. For larger fluences, an additional decay
component with smaller τ is observed in ∆I(t)/I, see the
inset of Fig.3(b). We fit these data by a biexponential
decay, accounting for the slow and fast component, see
Fig.3.
First we focus on the slower contribution and its mo-
mentum dependence. Fig. 4 shows the momentum-
dependent amplitudes A and decay times τ obtained by
fitting ∆I(t)/I. All the fluences considered here show –
within error bars – a constant τ ∼ 2.5 ps, see panel (a),
and a decrease in A with increasing φ, panel (b). Albeit
the error bars of τ increase for larger φ due to the simul-
taneous reduction in A we can exclude that a similarly
strong variation as in A, which is up to 8 times, occurs
for τ . We rather find that τ depends only very weakly or
is even independent on the FS angle. In particular the
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FIG. 3. (Color online) Relative trARPES intensity change
above the Fermi level, ∆I/I, measured at different FS angles,
φ, using a pump fluence F = 32 µJ/cm2 (a) and measured
at φ = 27◦, using different pump fluences (b). A zoom of
the spectra measured at φ = 27◦ with F = 139 µJ/cm2 and
F = 33 µJ/cm2, using a logarithmic vertical scale, is shown
as an inset in (b). The fitting to exponential decays (see text)
is shown as thin gray lines. In the inset, only the fitting of
the spectrum measured at 33 µJ/cm2 to a single-component
exponential decay function for t> 100 fs is shown. To fit the
spectrum measured at 139 µJ/cm2 an additional component
is needed.
data for F = 32 µJ/cm2 support this conclusion.
Here A represents the density of photoexcited quasi-
particles, which shows a momentum dependence strik-
ingly similar to the gap function of a d -wave supercon-
ductor. This can be understood by an indirect excitation
process during which the order parameter is projected
into the unoccupied electronic band structure. We now
aim at an explanation of the processes active in the de-
cay of that photoexcited state. Recalling that the pump-
induced changes observed in Fig. 2(a) occur within 50
meV around EF, i.e. close to the superconducting gap,
we take QPs with energies on the order of the gap or
smaller into account. We first consider QPs at φ = 45◦,
i.e. at the node, where no gap is found, and illustrate QP
relaxation in Fig. 4(c). At T = 0 K, QPs with infinites-
imally small energy can only scatter with other QP ex-
actly at φ = 45◦, because at smaller φ the scattering part-
ner cannot overcome the gap due to energy conservation.
At higher T QPs have larger energies and the scattering
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FIG. 4. (Color online) Relaxation time (a) and excitation
amplitude (b), obtained from the fitting to exponential de-
cays (see text), as a function of the FS angle, φ. Lines are
guides to the eye. Panels (c,d) illustrate potential decay pro-
cesses of photoexcited quasiparticles discussed in the text.
The energy per pump pulse was kept constant, which lead in
angle-dependent studies to a variation in F due to changes
in reflectivity and illuminated area. The data were corrected
accordingly.
phase space is increased because the secondary QPs at
other k points can now overcome the gap near the nodal
line. Far off the nodal line towards smaller φ this scatter-
ing channel is blocked for QP with energies about the gap
size, as sketched in Fig. 4(d), process (1). Looking at our
data we find that the amplitudes are actually larger far
off the node and the decay is simply described for all mo-
menta by a single exponential decay exhibiting constant
τ . Therefore, we find no indication of scattering towards
the node. We conclude that albeit QPs just above the
gap could gain energy through momentum redistribution
(process (1), Fig. 4(d)) this channel is prohibited because
the scattering partners required by momentum and en-
ergy conservation are not available. As a consequence
QPs off the node become transiently stabilized, in agree-
ment with the more sophisticated theoretical analysis of
Refs. [4, 12].
Having excluded intraband e-e scattering as a relax-
ation channel for the QP population above the gap, we
4face the question how to explain the observed 2.5 ps de-
cay time. This time compares well to the one observed in
earlier optical investigations [3, 6, 9, 10]. We recall that
on this very same time scale the recovery of the super-
conducting peak was observed here (Fig. 2) and thus we
can safely identify the decay of the QPs with recombi-
nation into Cooper pairs (process (2) in Fig. 4(d)). This
requires coupling of a QP with momentum ~k with one
at −~k and a boson with twice the gap energy. The
phenomenological Rothwarf-Taylor equations (RTE) [16]
are widely used to analyze such Cooper pair recombina-
tion [4, 6, 8, 10, 11]. At low T where the photoexcited
QP density, n∗, is considerably larger than the thermal
one, nT , i.e. n
∗  nT , the relaxation is governed by the
probability to find a recombination partner leading to bi-
molecular recombination kinetics, as reported in [6] and
explained in [11]. At higher T < Tc, in the so called boson
bottleneck regime, an exponential decay is predicted and
experimentally observed [3, 5, 9]. It arises from the com-
petition between Cooper pair recombination emitting a
boson with twice the gap energy and Cooper pair break-
ing by that boson. In this regime the relaxation is de-
termined by the decay rate of these bosons and thus it is
independent of the excitation density. Alternatively, the
exponential decay observed at higher T , where nT > n
∗,
has been also explained by means of the RTE not as due
to a boson bottleneck but due to the recombination of
the photoexcited QPs with the thermal ones [6]. The
decay that we find at 30 K is well described by a sin-
gle exponential function exhibiting momentum and pump
fluence independent decay time. However, it cannot be
explained considering only recombination with thermal
QPs. Cooper pair formation requires the two QPs in-
volved in the process to have opposite momenta and, as
most of the thermally excited QPs are in the nodal re-
gion, this would imply that the photoexcited QPs scatter
towards the node before they recombine with the ther-
mal ones, contrary to our observation. Therefore only
the existence of a boson bottleneck can explain all our
results and we can conclude that Bi-2212 is in the strong
bottleneck regime. This challenges the conclusion of pre-
vious optical studies [6, 7] about the absence of a bottle-
neck, based on the observation of a bimolecular kinetics.
However, such a dynamics can also be found in a strong
bottleneck regime, as pointed out by an analytic solution
of the RTE [11].
Still, the intriguing momentum independence of the
decay rates eludes explanation. The increase in the gap
function for smaller φ should favor higher energy gain
near the antinode increasing the decay rate. Also the
momentum-dependence in the spin-fluctuation-mediated
pairing interaction [17] and in e-ph coupling [18] suggests
a variation of τ with φ. However, in a d -wave supercon-
ductor in the strong bottleneck regime, the interaction
of k-dependent QP recombination, Cooper pair breaking
and boson relaxation might give rise to a compensating
effect, leading to the observed momentum independence
of τ . Here, a more sophisticated theoretical description
beyond the RTE taking the symmetry of the order pa-
rameter into account would be necessary.
Finally we consider the second and faster component
observed in the decay of ∆I(t)/I for F = 139 µJ/cm2.
Although our work aims particularly on the slower com-
ponent, we note that the fast decay contribution is con-
nected to scattering with QPs excited near the node at
these higher pump fluences [12] and/or to a partial evap-
oration of the SC condensate [8, 10]. However, further
details are out of the scope of the current letter and will
require additional studies as a function of the pump flu-
ence and temperature.
In conclusion, we studied the momentum dependence
of the transient population and decay times of pho-
toexcited QPs in the high-Tc superconductor Bi-2212 by
means of femtosecond trARPES. We observe a transient
stabilization of the photoexcited QPs created by Cooper
pair breaking, which is explained by blocking of e-e scat-
tering away from the node. The decay of these QPs is
well described by a single exponential with momentum
and pump fluence independent decay time, which demon-
strates that Bi-2212 is in the boson bottleneck regime.
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